Gibberellins are phytohormones that regulate growth and development of plants. Gibberellin homeostasis is maintained by feedback regulation of gibberellin metabolism genes. To understand this regulation, we manipulated the gibberellin pathway in tobacco and studied its effects on the morphological phenotype, gibberellin levels and the expression of endogenous gibberellin metabolism genes. The overexpression of a gibberellin 3-oxidase (biosynthesis gene) in tobacco (3ox-OE) induced slight variations in phenotype and active GA 1 levels, but we also found an increase in GA 8 levels (GA 1 inactivation product) and a conspicuous induction of gibberellin 2-oxidases (catabolism genes; NtGA2ox3 and -5), suggesting an important role for these particular genes in the control of gibberellin homeostasis. The effect of simultaneous overexpression of two biosynthesis genes, a gibberellin 3-oxidase and a gibberellin 20-oxidase (20ox/3ox-OE), on phenotype and gibberellin content suggests that gibberellin 3-oxidases are non-limiting enzymes in tobacco, even in a 20ox-OE background. Moreover, the expression analysis of gibberellin metabolism genes in transgenic plants (3ox-OE, 20ox-OE and hybrid 3ox/20ox-OE), and in response to application of different GA 1 concentrations, showed genes with different gibberellin sensitivity. Gibberellin biosynthesis genes (NtGA20ox1 and NtGA3ox1) are negatively feedback regulated mainly by high gibberellin levels. In contrast, gibberellin catabolism genes which are subject to positive feedback regulation are sensitive to high (NtGA2ox1) or to low (NtGA2ox3 and -5) gibberellin concentrations. These two last GA2ox genes seem to play a predominant role in gibberellin homeostasis under mild gibberellin variations, but not under large gibberellin changes, where the biosynthesis genes GA20ox and GA3ox may be more important.
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Introduction
Bioactive gibberellins are important natural regulators of growth and development throughout the life cycle of higher plants, including seed germination, stem elongation and flowering (Hedden 1999) . The gibberellin metabolic pathway has been elucidated and the majority of the genes encoding the enzymes have been cloned and characterized (reviewed in Hedden and Phillips 2000a) . The early steps in gibberellin biosynthesis are catalyzed by enzymes [i.e. ent-copalyl diphosphate synthase (CPS), ent-kaurene synthase (KS), ent-kaurene oxidase (KO) and ent-kaurenoic acid (KAO)] mostly encoded by single-copy genes producing GA 12 . In the final stages of gibberellin biosynthesis, GA 12 or its C-13 hydroxylated form GA 53 are converted into active GA 1 and GA 4 by two parallel pathways that differ in the presence or absence of the early step of C-13 hydroxylation (Fig. 1 ). Both pathways progress by successive oxidations at C-20, catalyzed by gibberellin 20-oxidases (GA20oxs), to produce GA 20 or GA 9 . These intermediates are converted into the active GA 1 and GA 4 , respectively, by gibberellin 3-oxidases (GA3oxs). Both active GA 1 and GA 4 are present in most species, but their relative abundance differs. In tobacco, the predominance of GA 1 , and of some of their precursors, indicates that the early C-13 hydroxylation pathway is the prevalent one (Jordan et al. 1995 , Vidal et al. 2001 .
The content of bioactive gibberellins (GA 1 and GA 4 ) and their precursors (GA 20 and GA 9 ) can be regulated by gibberellin 2-oxidases (GA2oxs) that generate inactive forms by catalyzing their 2b-hydroxylation (Fig. 1) . In addition to GA2ox-inactivating genes, the importance of GA20ox and GA3ox in regulating gibberellin content ilopez@ibmcp.upv.es; Fax, has also been demonstrated (Hedden and Philips 2000a) . These three enzymes are 2-oxoglutarate-dependent dioxygenases encoded by small multigene families with some degree of functional redundancy. Differential and tissuespecific regulation of gibberellin gene family members is frequently found, presumably to maintain appropriate levels of gibberellins in different organs during development (Mitchum et al. 2006) . In tobacco, two GA20ox, two GA3ox and three GA2ox genes are known to be differentially and tissue specifically expressed (Itoh et al. 1999 , Sakamoto et al. 2001 . Gallego-Giraldo et al. 2007 ). Moreover, environmental stimuli such as light and temperature specifically regulate the expression of some gibberellin genes (Kamiya and Garcı´a-Martı´nez 1999 , Ait-Ali et al. 1999 , Stavang et al. 2007 ). In addition to developmental and environmental regulation of gibberellin biosynthesis, there are homeostatic mechanisms that control gibberellin levels. Gibberellin homeostasis is maintained by negative feedback regulation of GA20ox and GA3ox biosynthesis genes (Fig. 1) . Transcript levels of some of these gene family members are reduced by elevated gibberellin levels or gibberellin treatment, and increased by gibberellin deficiency conditions (Hedden and Phillips 2000a) . Positive induction of GA2oxs by elevated levels of gibberellins may also contribute to gibberellin homeostasis, and has been demonstrated in several species such as Arabidopsis (Thomas et al. 1999 ) and pea (Elliott et al. 2001) .
Gibberellin promotes plant growth by relieving the restraint of a family of nuclear growth-repressing DELLA proteins via the 26S proteasome pathway (Harberd 2003) . When gibberellin signaling is altered by mutations in DELLA proteins that act as negative regulators, the expression of GA20ox and GA3ox is altered (Sun and Gubler 2004) , indicating that feedback regulation operates through the gibberellin signal transduction pathway. However, whether the feedback regulation of GA2ox gene expression takes place through DELLA and the signal transduction pathway has not been reported, to our knowledge.
Overexpression of gibberellin metabolism genes in transgenic plants is informative because increased flux through the pathway could identify rate-limiting steps in gibberellin biosynthesis (Hedden and Phillips 2000b) . For instance, the overexpression of genes controlling the early steps of gibberellin biosynthesis in Arabidopsis (AtCPS and AtKS) confers no phenotypic alterations or increase in active gibberellins (Fleet et al. 2003) , suggesting a critical limiting step later in the pathway. However, overexpression of GA20oxs produces elongated phenotypes associated with gibberellin overproduction in Arabidopsis (Huang et al. 1998 , Coles et al. 1999 , potato (Carrera et al. 2000) , hybrid aspen (Eriksson et al. 2000) , rice (Oikawa et al. 2004 ) and tobacco plants (Vidal et al. 2001 , Biemelt et al. 2004 , indicating the limiting activity of this enzyme in the gibberellin pathway. Overproduction of GA3ox, which catalyzes the last step in gibberellin biosynthesis, has generated conflicting results. In hybrid aspen, overexpression of a GA3ox from Arabidopsis resulted in no major changes in morphology and only small changes in GA 1 and GA 4 levels (Israelsson et al. 2004) , leading the authors to conclude that 20-oxidation rather than 3-oxidation is the limiting step for gibberellin biosynthesis. In contrast, overexpression of a pumpkin GA3ox in Arabidopsis resulted in a gibberellin overdose phenotype with increased levels of endogenous GA 4 (Radi et al. 2006) , suggesting that GA3ox catalyzes a rate-limiting step in Arabidopsis.
In order to understand the contribution of GA3ox, relative to the GA20ox, we have investigated the effect of overexpressing a GA3ox gene alone and in combination with GA20ox in tobacco plants. In addition to studying their effect on active gibberellin levels and morphological phenotype, we also examined the effect on the expression of endogenous gibberellin metabolism genes. To expand our understanding of how gibberellin homeostasis is maintained in plants, we also studied the expression pattern of gibberellin metabolism genes in response to different GA 1 concentrations and its correlation with the hypocotyl elongation response. Our data indicate that gibberellin metabolism genes respond to different gibberellin levels: some of them are sensitive to low while others are responding to high gibberellin concentration. Our results suggest that feedback regulation of different GA2ox genes shows differences that may be related to different roles in the regulation of gibberellin homeostasis.
Results

Effect of PsGA3ox1 overexpression on tobacco phenotype
A total of four homozygous transgenic 35S:PsGA3ox1 overexpressor (3ox-OE) lines with diverse levels of PsGA3ox1 expression (L24, L33, L38 and L44) were isolated ( Fig. 2A) . All the transgenic 3ox-OE lines had a longer hypocotyl, although only three of them (L24, L38 and L44) were significantly different from control plants (9-20% longer) (Fig. 2B) . Final plant height of the four lines was significantly longer (about 7%) compared with wild-type plants ( Table 1) . The width and length of leaves were also significantly greater in transgenic 3ox-OE plants compared with the wild type, except for the leaf width of L24 (Table 1) . Other phenotypical characters such as percentage germination, flowering node, stem diameter and fruit weight were not affected in tobacco transgenic 3ox-OE plants (Table 1) . We verified that in planta PsGA3ox1 was active in converting the substrate GA 20 into its product GA 1 (Fig. 1) . With that purpose, the in vivo activity of PsGA3ox1 was determined by growing seedlings of these transgenic 3ox-OE plants in a MS medium containing different GA 20 doses. At low concentration of GA 20 (10 -8 M), there was an increase in hypocotyl length of 11-20% in the transgenic 3ox-OE lines, while wild-type hypocotyl increased only 3.4% ( Fig. 2C and inset). These results suggest that GA 20 was converted more efficiently into active gibberellin in transgenic 3ox-OE that in wild-type plants, presumably due to PsGA3ox1 overexpression.
Gibberellin levels in homozygous transgenic 3ox-OE plants
Gibberellin levels were quantified in the apical portion of transgenic 3ox-OE and wild-type plants at the stage of 18 developed leaves. Compared with control plants, GA 20 concentration was dramatically reduced in all transgenic 3ox-OE lines (Fig. 3A) . Since GA 20 is a substrate of GA3ox, the decrease of GA 20 in transgenic 3ox-OE provides further evidence of effective PsGA3ox1 activity in vivo. In contrast, the GA 1 level showed mild but significant increases in some transgenic 3ox-OE lines (L24 and L38; Fig. 3B) . Interestingly, the level of GA 8 in all transgenic 3ox-OE lines was higher than in wild-type plants (Fig. 3C ), suggesting the production of more GA 1 , because GA 8 is a catabolic product of GA 1 (Fig. 1) . No significant differences of GA 4 content were found between wild-type and transgenic 3ox-OE plants (Fig. 3D ).
Expression analysis of gibberellin metabolism genes in transgenic 3ox-OE plants
To investigate if transcriptional regulation of gibberellin metabolism had been modified in transgenic 3ox-OE plants, we quantified mRNA expression of endogenous genes encoding GA20oxs (NtGA20ox1 and -2), GA3oxs (NtGA3ox1 and -2) and GA2oxs (NtGA2ox1, -3 and -5). In wild-type seedlings (hypocotyls plus cotyledons), the transcript abundance of gibberellin metabolism genes was different: NtGA20ox2 had undetectable expression (data not shown), while NtGA3ox1, NtGA20ox1 and NtGA2ox1 had intermediate levels, and NtGA2ox3, NtGA2ox5 and NtGA3ox2 were the most abundantly expressed genes ( Fig. 4A , B, C in Wt). In the transgenic 3ox-OE plants, the expression of NtGA20ox1, NtGA3ox1 and NtGA3ox2 (gibberellin biosynthesis genes) was similar to that in wildtype plants (Fig. 4A, B) . In contrast, transcript levels of NtGA2ox3 and NtGA2ox5 (gibberellin catabolism genes) showed a large increase (between 10-and 60-fold) in transgenic 3ox-OE (Fig. 4C ). These results suggest that gibberellin catabolism genes were induced in transgenic 3ox-OE compared with wild-type plants, consistent with the increase in GA 8 levels found in these plants (Fig. 3C) . The three NtGA2ox genes studied in this work have not been tested in vitro for GA2ox activities, but their functions have been inferred from their high homology to previously identified genes whose activity have been experimentaly confirmed (Supplementary data S4). The comparison of the sequences suggests that NtGA2ox1, -3 and -5 are most probably active enzymes of group I (Lee and Zeevaart 2005) that catalyze C19-gibberellins (GA 20 , GA 1 , GA 9 and GA 4 ) as substrates. However, we cannot predict if they are multicatalytic (Serrani et al. 2007) or if they have substrate preferences.
Generation and characterization of hybrid transgenic plants overexpressing a GA3ox (PsGA3ox1) and a GA20ox (CcGA20ox1)
In order to investigate the effect of simultaneous GA3ox and GA20ox overexpression in tobacco, we generated hybrid plants by crossing the transgenic 3ox-OE (lines L38 and L44) generated in this work and 20ox-OE (line L5), previously isolated in our laboratory (Vidal et al. 2001) . We also crossed the wild type with transgenic 20ox-OE (line L5) to obtain parental hemizygous plants with a single copy of the transgene 35S:CcGA20ox1 (WtÂL5).
A hybrid of crosses 3ox/20ox-OE (L38ÂL5 and L44Â L5) carrying one copy of each transgene (35S:PsGA3ox1 and 35S:CcGA20ox1) exhibited a slender phenotype like the 20ox-OE parental L5 line (Fig. 5A) . Compared with 3ox-OE parents, hybrids showed an elongated hypocotyl and faster germination (Fig. 5B, C) . Compared with 20ox-OE parental seeds, hybrid seeds germinated faster than WtÂL5 seed ( Fig 5B) and L5 seeds (data not shown). After 100 h of culture, hybrid seeds germinated between 10% (for L44ÂL5) and 25% (for L38ÂL5) more than hemizygous WtÂL5 seeds (Fig. 5B) . The hypocotyl length (Fig. 5C ) and final height (Fig. 5D ) of 3ox/20ox-OE hybrids were also significantly greater than those of WtÂL5 plants. The number of vegetative nodes was higher in hybrid 3ox/20ox-OE compared with hemizygous WtÂL5 or wildtype plants (Fig. 5D ). This may explain the slight increase in plant height since the internode length was not affected.
Gibberellin levels in hybrid transgenic 3ox/20ox-OE plants
Gibberellin levels were quantified in the apical portion of hybrid L38ÂL5 (3ox/20ox-OE) plants and the parental lines L38 (3ox-OE) and L5 (20ox-OE), at the stage of 18 developed leaves. Compared with parental 3ox-OE (L38), GA 1 , GA 20 and GA 8 contents were reduced in hybrid L38ÂL5 plants, while the GA 4 level was higher in the hybrid than in the 3ox-OE parental plant ( Table 2) . The reduction of GA 1 , GA 20 and GA 8 can be explained by the decrease in the early 13-hydroxylation pathway caused by the GA20ox overexpression, as described by Vidal et al. (2001) . The other 20ox-OE parent (L5) contained gibberellin levels similar to those of hybrid plants (Table 2) . However, the total active gibberellin content (GA 1 plus GA 4 ) in hybrid plants was slightly but significantly higher than in the tall parental L5 plants (Fig. 6 ). As also shown in Fig. 6 , a good correlation was found between total active gibberellin content and hypocotyl length for the wild type, the hybrids and their parents.
Transcriptional regulation of gibberellin metabolism genes in hybrid transgenic 3ox/20ox-OE plants Analysis of gibberellin metabolism genes (NtGA3ox1 and -2, NtGA20ox1, and NtGA2ox1, -3 and -5) was performed in seedlings (hypocotyls plus cotyledons) of hybrids 3ox/20ox-OE (L38ÂL5 and L44ÂL5), parental 3ox-OE (L38 and L44) and 20ox-OE (L5) plants and wildtype plants (Fig. 7) . Transcript levels of NtGA3ox1 and NtGA20ox1 were reduced in all slender plants (Fig.7A) , as expected due to the negative feedback regulation of these genes (Tanaka-Ueguchi et al. 1998 , Itoh et al. 1999 . Moreover, the decrease of NtGA20ox1 expression was higher in the hybrids (3ox/20ox-OE) than in slender parental plants (L5 and WtÂL5), consistent with the increase in total active gibberellin content in the hybrid (Fig. 6) . NtGA3ox2, which was the most highly expressed of all gibberellin genes studied, did not show negative feedback regulation. Moreover, we even found a slight induction of NtGA3ox2 in slender 20ox-OE plants (Fig. 7B ). NtGA2ox3 and -5 were induced in the same proportion in parental 3ox-OE and in slender transgenic 20ox-OE (hybrids 3ox/20ox-OE and 20ox-OE) plants (Fig. 7C) . In contrast, the transcript level of NtGA2ox1 was similar in the wild type and in all transgenic plants (Fig. 7C) , suggesting that NtGA2ox1 did not display any positive feedback regulation.
Effect of different GA 1 concentrations on the regulation of gibberellin metabolism genes As described before, NtGA20ox1 was repressed in transgenic 20ox-OE but not in 3ox-OE plants (Fig. 7A) . In contrast, we detected similar induction of two GA2ox catabolism genes in transgenic 3ox-OE and in 20ox-OE plants (Fig. 7C) . These results suggested that the regulation of some of the gibberellin metabolism genes is sensitive to low gibberellin levels, while others are responding only at high gibberellin levels. To test this hypothesis, we studied the expression of GA20ox, GA3ox and GA2ox genes in tobacco seedlings in response to different GA 1 doses (Fig. 8A) . The expression level of NtGA20ox1 and NtGA3ox1 showed a slight variation between 0 and 10 -7 M GA 1 and decreased strongly for 10 -6 M GA 1 . For GA2ox, we found two different patterns of gene expression in response to GA 1 dose. NtGA2ox1 was only induced at high GA 1 dose (10 -6 M), while NtGA2ox3 and -5 showed almost maximum induction ($6 times) at the lowest GA 1 dose (10 -8 M; Fig. 8A ). NtGA20ox1, NtGA3ox1 and NtGA2ox1 expression patterns showed a correlation with hypocotyl growth response to different GA 1 concentrations 
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( Fig. 8B) , although in opposite directions: inverse in the case of NtGA20ox1 and NtGA3ox1 and direct in the case of NtGA2ox1. In contrast, the NtGA2ox3 and -5 expression pattern did not display any correlation with hypocotyl growth (Fig. 8 and Supplementary data S2).
Discussion
Effect of PsGA3ox1 overexpression on tobacco phenotype Overexpression of 35S:PsGA3ox1 produced mild modifications of tobacco phenotype. Hypocotyl length, stem height, and leaf width and length increased in transgenic 3ox-OE plants compared with wild-type plants ( Fig. 2B and Table 1 ). These characters depend on gibberellin levels and therefore we expected variations in plant gibberellin levels. The main effect of GA3ox overproduction on tobacco gibberellin metabolism was a strong reduction in GA 20 concentration in all transgenic lines (Fig. 3A ), consistent with a high level of conversion of the substrate GA 20 into the active GA 1 product by 35S:PsGA3ox1. The reduction of the GA 20 level, however, was not associated with a large increase of GA 1 level (Fig. 3B ), in agreement with the slight changes of tobacco phenotype (Table 1) . Similar results on phenotype, GA 20 and active gibberellin levels were found in transgenic 3ox-OE plants of hybrid aspen (Israelsson et al. 2004) .
In tobacco, the slight increase in active GA 1 level in transgenic 3ox-OE may be due to several reasons. First, it may be due to to the low availability of GA3ox substrate as a consequence of limited GA 20 oxidation, and, secondly, it may be a result of the catabolism of GA 1 to inactive forms such as GA 8 , by the action of GA2oxs (Fig. 1) . The latter possibility is supported by the observation that GA 8 levels increased in all transgenic 3ox-OE plants compared with wild-type plants (Fig. 3C) . Furthermore, two of the three GA2ox genes analyzed (NtGA2ox3 and -5) were induced in all 3ox-OE transgenic lines (Fig. 4C) , suggesting an important role for these genes in the control of gibberellin homeostasis. Interestingly, in hybrid aspen 3ox-OE transgenic plants, induction of GA2ox expression was not detected (Israelsson et al. 2004 ). This apparent discrepancy between tobacco and hybrid aspen may be a species-specific difference, or due to the fact that the genes studied in aspen were not involved in gibberellin homeostasis, like the NtGA2ox1 gene of tobacco that remains almost unaffected in transgenic plants (Fig. 4C) .
Since GA3oxs cannot enhance the flux toward active gibberellin levels, we obtained hybrid plants that incorporated the overexpression of a GA20ox (35S:CcGA20ox1; Vidal et al. 2001 ) by crossing transgenic 3ox-OE lines (L38 and L44) with a transgenic 20ox-OE line (L5). The ectopic activity of CcGA20ox1 in these hybrid plants should provide a higher amount of substrate (GA 9 ) for the GA3ox. In fact, it has been demonstrated that transgenic 20ox-OE (L5) plants had higher GA 9 levels (Vidal et al. 2001) . Hybrid tobacco plants (3ox/20ox-OE) displayed a slender phenotype like the 20ox-OE parental line (Fig. 5A) . However, their final stem length was longer due to a greater number of vegetative internodes and not to longer internodes (Fig. 5D) . This led to a flowering delay of hybrid 3ox/20ox-OE plants compared with parental plants. This observation is consistent with a previous report where an excess of active gibberellin in tobacco apical shoots was claimed to have an inhibitory effect on floral transition (Gallego-Giraldo et al. 2007 ).
Phenotypic differences described in hybrid 3ox/ 20ox-OE compared with parental 20ox-OE plants must be due to the additional effect of GA3ox overexpression on gibberellin biosynthesis. In fact, phenotypic alterations in hybrid 3ox/20ox-OE plants correlated with a slight increase in total gibberellin active levels, GA 1 þ GA 4 , compared with the parental L5 plants (Fig. 6) . Furthermore, the slight increase of active gibberellin levels in hybrid plants correlated with a further repression of endogenous NtGA20ox1 and NtGA3ox1 expression in hybrids (3ox/20ox-OE) compared with 20ox-OE parental plants (L5, WtÂL5; Fig. 7A ). This is consistent with the negative feedback regulation of these genes reported previously (Tanaka-Ueguchi et al. 1998 , Itoh et al. 1999 . In contrast, expression of GA2ox was relatively unaffected by overexpression of a GA3ox in the 20ox-OE background (Fig. 7C) . These results suggest that the expression of GA2ox genes (NtGA2ox3 and -5) had reached already saturated levels in transgenic 3ox-OE plants and therefore could not be further induced in hybrid lines. Taken together, these results indicate that GA3oxs in tobacco are non-limiting enzymes in gibberellin biosynthesis, in contrast to Arabidopsis (Radi et al. 2006) , even in the presence of the 20ox-OE background.
Regulation of gibberellin metabolism genes
Feedback regulation of genes encoding dioxygenases of gibberellin metabolism has been described previously in many species (Hedden and Phillips 2000a) , including tobacco NtGA20ox1 (Tanaka-Ueguchi et al. 1998) and NtGA3ox1 (Itoh et al. 1999) . We have confirmed that negative feedback regulation of NtGA20ox1 and NtGA3ox1 also occurs in slender transgenic plants, as expected by their higher active gibberellin levels. Our results also showed that the expression of a second GA3ox (NtGA3ox2) was unaltered in these plants (Fig. 7) as well, and in response to gibberellin application (data not shown), indicating that this gene is not under gibberellin feedback regulation. GA3oxs without feedback regulation have been described previously in Arabidopsis (AtGA3ox2, -3 and -4; Yamaguchi et al. 1998 , Matsushita et al. 2007 . Since the existence of tissue-specific differences in transcript levels of NtGA3ox2 (Gallego-Giraldo et al. 2007 ) have been reported, the regulation of this gene may depend on developmental factors. On the other hand, we found evidence for feedback regulation of GA2ox gene expression in tobacco, as was found in Arabidopsis (Thomas et al. 1999 ) and pea (Elliott et al. 2001) . Expression of NtGA2ox3 and -5, but not of NtGA2ox1, was induced in all transgenic gibberellinoverproducing plants (Fig. 7C ). All these results of gene expression in transgenic plants suggested different gibberellin sensitivity for genes under feedback regulation. On one hand, NtGA2ox3 and -5 seem to be sensitive to low gibberellin variations, since they are induced in transgenic 3ox-OE plants which contain mild increases in gibberellin levels. On the other hand, genes such as NtGA20ox1 and NtGA3ox1 seem to be sensitive to high gibberellin levels, because their expression was altered only in slender transgenic plants with substantial gibberellin increases (20ox-OE and hybrid 3ox/20ox-OE). Interestingly, in citrus, it has also been described that GA20ox1 was negatively feedback regulated only in response to large changes in the active gibberellin content (Vidal et al. 2003) . The two different gene expression patterns found in response to gibberellin (one very sensitive to GA 1 for NtGA2ox3 and -5 and another mainly sensitive to high GA 1 concentrations for NtGA20ox1, NtGA3ox1 and NtGA2ox1; Fig. 8 ) support the existence of different gibberellin sensitivities. These results are consistent with those found in transgenic plants, except for NtGA2ox1. This gene, whose expression was unaltered in transgenic plants, was induced by the application of 10 -6 M GA 1 , probably because the gibberellin content in transgenic plants did not reach such a high level. Therefore, although it is already known that different members of gibberellin gene families are regulated preferentially by specific environmental (Stavang et al. 2007) or developmental (Mitchum et al. 2006 ) cues, our data suggest that homeostatic conditions (the severity of alterations in gibberellin levels) can also trigger differentially the induction of gibberellin metabolism genes.
Interestingly, genes responding to high GA 1 concentrations displayed a correlation (direct for NtGA2ox1 and inverse for NtGA20ox1 and NtGA3ox1) between transcript levels and hypocotyl elongation induced by gibberellin (see Fig. 8 and Supplementary data S2). This relationship, between hypocotyl length (a gibberellin-dependent character) and transcript levels, was also found for NtGA20ox1 and NtGA3ox1 in transgenic plants with different gibberellin contents (Supplementary data S3). It has been demonstrated that negative feedback regulation of GA20ox and GA3ox genes by active gibberellin occurs via the gibberellin response pathway, because their transcription and the gibberellin content were impaired in different gibberellin response mutants (reviewed in Olszewski et al. 2002) . Accordingly, in Arabidopsis, it was found that AtGA3ox1 is feedback regulated by active gibberellin in a dosedependent manner that closely mirrors stimulation of hypocotyl elongation, suggesting that similar gibberellin signal transduction processes control both AtGA3ox1 regulation and hypocotyl elongation (Cowling et al. 1998) . Therefore, we could expect correlation between gene expression and hypocotyl growth in response to gibberellin, for tobacco genes regulated through the gibberellin signal transduction pathway, as occurs in AtGA3ox1. The relationship between gene expression and gibberellin growth response (hypocotyl elongation) for NtGA20ox1 and NtGA3ox1 in tobacco supported the contention that feedback regulation of these gibberellin biosynthesis genes operates through the gibberellin response pathway.
In contrast, transcript levels of genes sensitive to low GA 1 concentrations (NtGA2ox3 and -5) did not correlate with hypocotyl elongation (Fig. 8 and Supplementary data S2) . While the expression of NtGA20ox1 and NtGA3ox1 seems to be proportional to the gibberellin content, NtGA2ox3 and -5 become activated to almost maximum levels with minimal increases in the gibberellin content and remain constant afterward, indicating that positive feedback regulation of these two genes may not be mediated by the same gibberellin signaling components involved in the feedback regulation of the other gibberellin biosynthesis genes. Another possibility, to explain the differences found in the expression pattern of these particular genes, could be an autonomous regulation directly mediated by the gibberellin molecule independently of DELLA signaling. For instance, in methionine biosynthesis, negative feedback regulation of the CGS1 gene occurs through alteration of the mRNA stability in response to methionine application (Lambei et al. 2003) . Because it has been demonstrated that DELLA-dependent gibberellin signaling has a central role in all gibberellin-related processes (Jianga and Fu 2007) , it has been assumed that feedback regulation of GA2ox catabolism genes also proceeds through this signaling transduction pathway (Olszewski et al. 2002) , although no experimental evidence has been published so far supporting this hypothesis. Whether or not the regulation of NtGA2ox3 and -5 depends on DELLA, it does not mean that feedback regulation of other GA2ox catabolism genes, such as NtGA2ox1, does not occur by this signal transduction pathway, in a similar way to the biosynthesis genes. Transcript levels of NtGA2ox1 (and also NtGA2ox2; data not shown) correlated with hypocotyl growth in response to different GA 1 applications in tobacco, and the involvement of DELLA in feedback regulation of AtGA2ox8 in Arabidopsis is supported by unpublished results (Gallego-Bartolome´, Alabadı´and Bla´zquez, personal communication).
In summary, our data reveal novel features, not previously reported, of the mechanism of feedback regulation of gibberellin metabolism genes. Gibberellin metabolism genes respond to gibberellin with different sensitivity. Two of the gene members of the GA2ox family are positive feedback regulated by small increases in gibberellin levels and seem to play a predominant role in gibberellin homeostasis under mild variations. In the case of large variations in gibberellin levels, gibberellin homeostasis is mediated by biosynthesis genes GA20ox and GA3ox and perhaps by other GA2ox catabolism genes.
Materials and Methods
Plant material and growth conditions
Wild-type and transgenic tobacco plants of Nicotiana tabacum cv Xanthi (overexpressing 35S:CcGA20ox1; line L5; Vidal et al. 2001) were used as experimental material. Plants were cultured in a growth chamber at 268C and in a greenhouse at 288C under long day conditions (16 h light, and 8 h darkness). Plants were cultured in pots containing vermiculite: peat (1 : 1) and watered with nutrient solution.
Isolation of transgenic plants overexpressing 35S:PsGA3ox1 (3ox-OE)
Sterilized seeds of tobacco were germinated and cultured in MS medium (Murashige and Skoog medium including vitamins; Duchefa, The Netherlands), 20 g l -1 sucrose and 6 g l -1 agar gel. Leaf sections from 3-week-old plants were transformed by immersion in bacterial liquid LB medium containing Agrobacterium tumefaciens strain LBA4404 (Hoekema et al. 1983 ) carrying the binary vector system pBIN-JIT-2Â35S:PsGA3ox1 (PsGA3ox1 accession No. AF001219; Martin et al. 1997) . Regeneration of tobacco explants was performed as described by Vidal et al. (2001) . Non-infected leaf sections were cultured and considered as a transformation control. Through three consecutive transformation processes a total of 115 putative independent transgenic T 1 plants were obtained. Eighteen putative plants (T 1 ) were selected according to PsGA3ox1 transcript level analysis performed by Northern blot (data not shown). For isolation of homozygous lines, T 1 plants were grown and self-pollinated to obtain the T 2 generation. T 2 seedlings were tested by kanamycin (150 mg l -1 ) segregation. T 2 plants showing a 3 : 1 segregation ratio (kanamycin-resistant Km R /kanamycin-sensitive Km S ) were selected to obtain the T 3 generation. Homozygous lines were detected by 100% Km R segregation.
Northern blots
For Northern analysis, total RNA was isolated by using the Trizol method (Invitrogen, Carlsbad, CA, USA) from young leaves of wild-type and transgenic PsGA3ox1-overexpressing plants. Northern blot was prepared by electrophoresis in a formaldehyde-agarose gel, including 20 mg of total RNA. The gel was transferred by capillarity into a nylon filter (Hibond-N, Amersham Bioscience, Buckinghamshire, UK) and cross-linked with a UV Stratalinker 800 (Stratagene, La Jolla, CA, USA). Full-length PsGA3ox1 cDNA was random-primed 32 P-labeled using the Kit Ready to Go DNA (Amersham Biosciences). The probe was used to hybridize the filter at 428C in a solution containing 0.25 M KH 2 PO 4 buffer, 7% SDS, 1 M EDTA, 5 M NaCl, 50% formamide, PEG 6000 and 0.1 mg ml -1 denatured salmon sperm. The filter was washed for 10 min at 508C in 3Â SSC, 0.5% (w/v) SDS and 1Â SSC, 0.1% (w/v) SDS, and then at 558C in 0.5Â SSC, 0.1% (w/v) SDS. The primers pair used to obtain the full-length PsGA3ox1 probe were: PsGA3ox1S1, 5 0 -TAGGTCGACCACTA TGCCTTCACTCTCCGAAGCC-3 0 ; and PsGA3ox1A1, 5 0 -GAG CCCGGGTTAGCCCACTTGGACACTATTTTTGTTAG-3 0 .
Hypocotyl length measurements and hormone applications One hundred seeds from each line were germinated and cultured in MS medium in a growth chamber at 268C under long day conditions. For GA 20 and GA 1 treatments, different gibberellin concentrations were applied in 50 ml of 100% ethanol added to Petri dishes with 100 ml of medium. A 50 ml aliquot of 100% ethanol was added to control plates. Seven days later, the seedlings were scanned and measured using the ImageJ software (National Institutes of Health, Bethesda, MD, USA).
